Respiratory syncytial virus (RSV), a pneumovirus, is an important respiratory pathogen that produces an annual epidemic of respiratory illness which is seen primarily in infants, but also in adults, worldwide (39) . Effective vaccines against RSV are not currently available. The development of antivirals requires a comprehensive molecular understanding of the early events of virus-host interaction necessary for virus fusion and entry into cells, an understanding which is lacking. RSV activates multiple signaling pathways (1, 2, 8, 13) , including those involving protein kinase C (PKC), which appear to play a role in acute inflammation (1, 29) . However, the role of PKC in RSV infection is poorly understood.
PKC comprises a family of serine/threonine kinases with at least 12 members. In general, PKC has a catalytic domain, which also contains the ATP binding site, and a regulatory domain containing the phospholipid and diacylglycerol (DAG) binding site. On the basis of structure and activation requirements, the PKC family can be divided into the following major subclasses: (i) classical PKCs, comprising the ␣, ␤I, ␤II, and ␥ isozymes that are Ca 2ϩ dependent and DAG sensitive; (ii) novel PKCs, comprising the ␦, ε, , , and isozymes that are Ca 2ϩ independent and DAG sensitive; (iii) atypical PKCs, comprising the and / isozymes that are Ca 2ϩ independent and DAG insensitive; and (iv) the PKC-isozyme that is similar to the atypical isozymes but contains an additional specific signal peptide transmembrane domain (28, 32) . PKCs play an important role in infection of mammalian cells by different viruses (9, 10, 30, 31, 33, 38) . PKC inhibitors reduce the entry of intracellular mature vaccinia virus by affecting Rac1 activation and actin assembly (44) . PKC is also important in the formation of caveolae, which a number of viruses such as human immunodeficiency virus type 1, filoviruses (Ebola), and simian virus 40 (11) utilize to evade the phagolysosomal pathway, thus allowing them to thrive inside cells by indirectly evading the immune system (11) . A number of other viruses also use the caveolae pathway to infect the cells.
RSV activates several isozymes of PKC in the alveolar type, carcinoma non-small-cell line A549, and the activation of the atypical isozyme PKC-, in particular, conveys activation of ERK-2 during the early stages of RSV infection (29) . The A549 cell line may, however, differ from normal human epithelial cells in its response to RSV infection. Also, these studies utilized RSV from a culture supernatant, which usually contains cytokines and chemokines, some of which may override RSV-induced PKC activation. In addition, this study did not address the role of PKC in early stages of infection.
It was previously reported that RSV requires functional MEK-ERK1/2 and Stat1 pathways for successful infection (18, 19) . Because of the potential link between PKC and ERK (21) and since PKC plays a central role in signaling events leading to changes in the cell membrane and cytoskeleton, including caveolae and lipid raft formation (27) , we hypothesized that PKC activation plays a role in the early stages of RSV infection, especially RSV fusion. To test this hypothesis, we examined the role of PKC during the early stages of RSV infection in normal human bronchial epithelial (NHBE) cells. The results show that PKC-␣ is activated upon RSV contact of the cell and that it translocates to the cell membrane, where it plays an important role in the fusion process which is pivotal to successful RSV infection.
MATERIALS AND METHODS
Cell culture. NHBE cells (Cambrex Bio Science, Walkersville, Md.) were grown at 37°C at 5% CO 2 in basal epithelial growth medium supplemented with bovine pituitary extract, insulin, hydrocortisone, human epithelial growth factor, epinephrine, transferrin, retinoic acid, and triiodothyronine for two passages before they were collected, frozen, and stored in liquid nitrogen. Cells were used at passage 4 or 5, and exposure to RSV or the different drugs was done in medium without supplementation.
Production and purification of RSV. RSV was produced in HEp-2 cells and purified by pelleting through a glycerol layer (6) . HEp-2 cells at 50 to 60% confluence were infected with RSV at a multiplicity of infection (MOI) of 0.1 to 0.2 in OptiMEM (Invitrogen, Carlsbad, Calif.) for 2 h at 37°C at 5% CO 2 . The flasks were each gently rocked for 15 min. The medium was replaced with OptiMEM plus 2% fetal bovine serum (FBS), and the infection was allowed to progress until cytopathological effects were evident. Cells were scraped off, put into 50-ml conical tubes, and vortexed at half speed for 10 s and then centrifuged at 2,100 ϫ g for 10 min at 4°C to separate virus from cells. Supernatants were mixed with 0.1 volume of sterile 1 M MgSO 4 , layered onto 30% glycerol in 50 mM HEPES (pH 7.5) with 1 M MgSO 4 , and centrifuged at 24,000 ϫ g with an SW28 rotor for 3 h at 4°C. The viral pellet was gently rinsed with OptiMEM, resuspended in 750 l of buffer at 4°C (0.22-m-pore-filtered solution of 50 mM HEPES [pH 7.5], 0.1 M MgSO 4 , and 150 mM NaCl), aliquoted, and stored in liquid nitrogen.
Western blots. NHBE cells at 80% confluence were infected with purified RSV (MOI of 3) in basal medium. Viral binding to cell membranes was synchronized by incubation at 4°C for 1 h, and infection was allowed to proceed for various times. Cells were then washed with phosphate-buffered saline (PBS) at 4°C, and membrane proteins were extracted by using a subcellular proteome kit (Calbiochem, San Diego, Calif.) according to the guidelines of the manufacturer and precipitated (protein concentrate kit; Chemicon, Temecula, Calif.). Equal amounts of protein were separated on a sodium dodecyl sulfate-12% polyacrylamide gel, blotted onto a nitrocellulose membrane, and incubated overnight at 4°C with rabbit anti-phospho-PKC-␣ antibody (Cell Signaling, Beverly, Mass.) in 10 mM Tris (pH 8)-0.15 M NaCl-5% milk. After washing, membranes were incubated for 1 h at room temperature (RT) with horseradish peroxidase-linked secondary antibody, and protein bands were visualized by enhanced chemiluminescence (Cell Signaling).
Single-cycle immunofluorescence assays. NHBE cells at 80% confluence were exposed to one of the following inhibitors at different concentrations for 30 min at 37°C before infection with RSV at 1 MOI for 2 h: calphostin C, chelerythrine, or myristoylated PKC-␣/␤ pseudosubstrate (myr-PKC) peptide (Calbiochem). Cells were then incubated for 16 h (approximately a single viral replication cycle), fixed with 100% ethanol for 20 min at room temperature, and stained with fluorescein isothiocyanate (FITC)-anti-RSV N protein antibody (Chemicon) for 30 min at 37°C. Infected cells were detected and counted by fluorescence microscopy.
Determination of RSV titer. NHBE cells were incubated with or without the PKC inhibitor myr-PKC peptide for 30 min. A 0.1 MOI of rgRSV (a recombinant virus encoding green fluorescent protein, which was kindly given by M. E. Peeples) was then allowed to bind to the cells for 2 h (14) . Cells were washed with PBS, fresh growth medium was added, and infection was allowed to proceed for 60 h before the supernatant was collected. RSV titer was calculated by a modified method (42) which was more accurate than the plaque assay. Fourfold dilutions (100 l) of each supernatant were added to 80% confluent HEp-2 cells grown in 48-well plates. After 2 h of adsorption and rocking every 15 min, the inocula were replaced with 500 l of growth medium (10% FBS in modified Eagle's medium and Earle's salts) and infected for 16 h. Viral titer was calculated by counting the number of green cells per well.
Immunofluorescence and confocal microscopy. Immunofluorescence-based confocal microscopy was used to study the virus entry into the cells in the presence or absence of PKC inhibitors and to determine whether PKC-␣ or its phosphorylated form colocalizes with viral particles. For these assays, NHBE cells were grown on 8-well chamber slides to 80% confluency and washed with HEPES-buffered saline solution, and myr-PKC peptide added as described above. Cells were equilibrated for 10 min with inhibitor at 4°C and then infected with 20 MOI of rgRSV for 1 h at 4°C to synchronize viral fusion and penetration.
The confocal microscopy protocol for virus entry has been previously described (44) (45) (46) . Cells were incubated with FITC-conjugated wheat germ agglutinin (FITC-WGA; Vector Laboratories, Burlingame, Calif.) to label cell membranes and then washed and fixed with 4% paraformaldehyde (Electron Microscopy Sciences, Hatfield, Pa.) for 20 min at 4°C and for 40 min at RT. Cells were washed twice with PBS and incubated with permeabilization buffer (1% glycine, 0.1% saponin, and 3% goat serum in PBS) for 20 min at RT. To detect RSV, cells were incubated for 1 h at RT with anti-RSV N protein antibody (Chemicon) followed by rhodamine-conjugated secondary antibody (Chemicon). Washed cells were fixed again with 4% paraformaldehyde (10 min at RT), washed, air dried, and covered with Vectashield antifade-DAPI (4Ј,6Ј-diamidino-2-phenylindole) mounting medium (Vector Laboratories).
In the PKC-␣-RSV colocalization experiments, NHBE cells were seeded onto 8-well chamber slides. After synchronizing viral binding for 1 h at 4°C, cells were put back at 37°C and the infection was allowed to proceed for 10 min, 30 min, or 1 h. Fixation, permeabilization, and washing were performed as described above. Cells were incubated for 1 h at RT with anti-PKC-␣ (Transduction Laboratories, San Diego, Calif.) or anti-phospho-PKC-␣ (Cell Signaling) followed by Alexa-488 secondary antibody (1 h and RT), and with anti-RSV antibody (Chemicon) followed by Alexa-555 secondary antibody (1 h at RT). The final fixation step was performed as described above.
Confocal laser scanning microscopy was performed with an LSM 510 system (Zeiss). The pinhole, scanning time, and magnification were kept constant for all image analyses and adjusted to avoid bleed-through between channels.
Flow cytometry. In order to determine whether peptide impairs RSV binding, NHBE cells at 80% confluence were incubated with the myr-PKC peptide (Calbiochem) or the nonmyristoylated PKC-␣/␤ pseudosubstrate peptide (Bachem, King of Prussia, Pa.) at different concentrations for 1 h at 37°C and then infected with RSV at 0.1 MOI for 16 h at 37°C (one viral replication cycle). Cells were detached with trypsin-EDTA, pelleted by centrifugation at 400 ϫ g for 5 min at 4°C, and washed twice with staining buffer (2% FBS in PBS). Cells were fixed for 20 min at 4°C with 4% paraformaldehyde, washed, and permeabilized for 30 min at 4°C with 0.2% Triton X-100 in staining buffer and then incubated for 1 h at 4°C with FITC-anti-RSV N protein antibody (Chemicon). An isotype control, FITClabeled mouse immunoglobulin G2a (BD Pharmingen, San Diego, Calif.), was included to determine the specificity of antibody binding. Flow cytometry was performed with a FACScan (BD Immunocytometry Systems, San Jose, Calif.).
To test for nonspecific effects due to the myristoyl moiety of the peptide, the myr-autocamtide-2-related inhibitory peptide (Calbiochem) was used as a control. Cells were incubated with myr-PKC peptide or myr-autocamtide for 30 min at 37°C before infection with 1 MOI of rgRSV encoding green fluorescent protein for 16 h. Infected cells were identified by flow cytometry.
To determine the role of PKC-␣ during RSV infection, NHBE cells at 60% confluence were transfected with pDN-PKC-␣ (40) (kindly provided by J. W. Soh) or the empty vector pcDNA3.1 (Invitrogen) by using Lipofectin (Invitrogen). Cells were also cotransfected with pDsRed2N1, encoding red fluorescent protein, as a transfection efficiency control. Transfected cells were infected with 1 MOI of rgRSV for 16 h, processed as described above, and analyzed by flow cytometry.
To test for RSV binding at 4°C, an immunofluorescence assay was used in which differences in the geometric mean could be detected in series of fourfold dilutions of RSV from 5.6 ϫ 10 7 to 2.2 ϫ 10 5 PFU/ml. This approach was validated by Martinez and Melero (24) and Budge et al. (5) . NHBE cells (2 ϫ 10 5 cells per tube) were exposed to various RSV dilutions at 4°C for 30 min, washed, and incubated with Zenon Alexa-488 (Molecular Probes, Eugene, Oreg.)-labeled anti-RSV F antibody (Chemicon). Cells were fixed with 2% paraformaldehyde. To test the effect of the myr-PKC peptide on RSV binding, detached cells were incubated with myr-PKC peptide (0, 12.5, 25, or 50 M) at 37°C for 30 min followed by exposure to 1.4 ϫ 10 7 PFU of RSV/ml at 4°C for 30 min and stained for RSV as described above.
ELISA. For testing of RSV internalization, a sandwich enzyme-linked immunosorbent assay (ELISA) was used to measure RSV N protein in the cytosol. Sixty percent confluent NHBE cells were incubated in the absence or presence of 0, 12.5, 25, and 50 M myr-PKC peptide for 30 min before infection with 1.7 ϫ 10 6 PFU of RSV (approximately 5 MOI) for 2 h at 37°C. Different subcellular fractions were obtained by using a subcellular proteome kit (Calbiochem) according to the guidelines of the manufacturer. Cytoplasmic fractions were analyzed by sandwich ELISA. One hundred microliters of cytoplasmic fraction was added to each well of a 96-well plate that had been coated with anti-RSV antibody (AB1128; Chemicon) and blocked with 1% bovine serum albumin in 1ϫ PBS. The plate was incubated for 30 min at RT with continuous mixing and then incubated for 1 h at 37°C. After washing, horseradish peroxidase (Molecular Probes)-labeled secondary antibody was added at 37°C for 30 min. Tetramethylbenzidine (TMB) substrate was then added, and the plate was read at 450 nm.
RSV labeling and evaluation of fusion by fluorescence microscopy. Purified RSV was labeled with the lipid probe octadecyl rhodamine B (R18; Molecular Probes) (35) . RSV (140 g of total protein) was incubated for 1 h with 5 g of R18 at RT and then separated from free R18 by gel filtration on a G-25 Sephadex microspin column (Harvard Apparatus Inc., Holliston, Mass.).
NHBE cells at 80% confluence were incubated with myr-PKC-␣/␤ pseudosubstrate peptide at different concentrations for 1 h at 37°C, followed by ϳ5,000 R18-labeled RSV particles per cell for 30 min at 37°C. Unattached and nonfused viral particles were removed by washing the cells with PBS, and RSV was imaged by fluorescence microscopy.
RESULTS

PKC inhibitors block RSV infection.
To determine the role of PKC in RSV infection of NHBE cells, the PKC inhibitors calphostin C and chelerythrine were used. Cells were preincubated with different concentrations of these inhibitors and then infected with RSV. Both inhibitors decreased the number of infected cells in a dose-dependent manner (Fig. 1) , and 50% inhibition was reached at concentrations of 375 nM for calphostin C and 7.5 M for chelerythrine. The concentrations of the inhibitors used in these assays did not exhibit cytotoxic activity as they were tested by both crystal violet toxicity assay and 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay. These results suggested that PKC is involved in early events of RSV infection.
PKC-␣/␤ pseudosubstrate peptide decreases RSV infection. To confirm whether RSV infection of NHBE cells involved classical PKCs, myr-PKC peptide was used. The myristoylated moiety allows the peptide to enter into the cells. NHBE cells treated with myr-PKC peptide prior to RSV infection showed a dose-dependent reduction of the number of infected cells, as determined by single-cycle cell fluorescence assays ( Fig. 2A) . Also, a fluorescence-based viral titration method using rgRSV was utilized to determine the effect of myr-PKC peptide on virus production. The results showed an inhibitor concentration-dependent reduction in the virus titer (Fig. 2B) . A 1-log reduction of virus titer was seen with 50 M myr-PKC peptide. These results suggest that the activation of classical PKCs plays a role in RSV infection.
To further verify these results, RSV infection was measured by flow cytometry analysis. A nonmyristoylated peptide with the same pseudosubstrate amino acid sequence did not block RSV infection (Fig. 3) , suggesting that the peptide does not interfere with RSV binding to the cell. We also used the myristoylated peptide autocamtide as a control. This peptide acts as a highly specific and potent inhibitor of calmodulin-dependent protein kinase II and has been used as a control for PKC activity assays (26, 30) . The results show that 25 and 50 M of myr-PKC peptide reduced the number of infected cells by 50 and 75%, respectively, compared to the control, myr-autocamtide, which did not reduce the number of infected cells (Fig. 4) . These results indicate that the myristoylated moiety is not responsible for the myr-PKC peptide inhibitory effect in RSV infection and that the inhibition of RSV infection is due to inhibition of PKC.
Lack of PKC-␣ leads to decreased RSV infection. NHBE cells express PKC-␣, -␤II, -␥, -␦, -ε, -, -, and -and a Western blot analysis showed that PKC-␣ levels decreased at 1 h and . Since a decrease of PKC levels is correlated with their previous activation (22, 32) , a dominant-negative mutant construct of PKC-␣ was used to examine the role of PKC-␣ in rgRSV infection of NHBE cells. The dominant-negative construct of PKC-␣ is a kinase-resistant mutant resulting from a K3683R point mutation in the ATP binding site. Dominantnegative PKC-␣ (DN-PKC-␣) competes with the wild-type form for binding to the so-called receptors for activated C kinase to where PKC is translocated to exert its biological function. In addition, DN-PKC-␣ sequesters the potential substrates from the wild-type PKC-␣. Thus, cells were transiently transfected with either pDN-PKC-␣ or the background plasmid pcDNA3.1. Along with these plasmids, pDsRed2N1, which encodes red fluorescent protein, was also added to the transfection mixture in order to identify the transfected cells. Subsequently, the percentage of transfected cells that were infected by rgRSV was determined by flow cytometry. Infection in DN-PKC-␣-transfected cells decreased by 50% compared with that seen in pcDNA3.1-transfected cells (Fig. 5) . These results show that PKC-␣ plays an important role in facilitating RSV infection of normal human bronchial epithelial cells.
RSV infection induces activation of PKC-␣ and its translocation to the cell membrane.
To determine whether RSV infection activates PKC-␣ in the infected cell, the translocation of PKC-␣ was examined by immunocytofluorescence and confocal microscopy in NHBE cells exposed to RSV at an infectious dose of 20 MOI. PKC-␣ translocates from the cytoplasm to the cell plasma membrane and colocalizes with viral particles as early as 10 min (at 37°C) after a viral binding synchronization step at 4°C for 1 h (Fig. 6 ). In addition, PKC-␣ colocalizes with the viral particles for up to 1 h at the cell membrane (data not shown).
Translocation of PKC involves an autophosphorylation event that allows PKC-␣ to migrate to the cell membrane for further signaling events. There are four potential phosphorylation sites in PKC-␣, Thr-250, Thr-497, Thr-638, and Ser-657, that are phosphorylated in activated PKC-␣ (32, 34). The phosphorylation status of the translocated PKC-␣ was determined by using an anti-phospho-Thr-638 PKC-␣ antibody. Confocal microscopy showed an increase of phospho-PKC-␣ that is associated with those viral particles contacting the cells as early as 10 min (at 37°C) after a viral binding synchronization step (Fig. 7A) . Such colocalization at the cell membrane is also seen 1 h after virus exposure.
There was no increase in PKC-␣ phosphorylation when NHBE cells were exposed to the sham control, i.e., filtrate resulting from centrifugation of the RSV suspension through a Centricon YM-100 (Fig. 7A) . The exposure of cells to PKC-␣ pseudosubstrate peptide (at 50 M) resulted in a reduction of phospho-PKC-␣ and a concomitant reduction in the number of RSV particles contacting the cells. UV-irradiated RSV (2 hits of UV radiation at 1,800 mJ) showed a colocalization pattern similar to that of the live infectious virus (data not shown). To confirm PKC activation, membrane proteins of cells exposed to RSV were analyzed by Western blot analysis with an antibody to phospho-PKC-␣ (Fig. 7B) . The results showed that the membrane fraction of cells exposed to RSV, not sham, showed anti-phospho-PKC-␣ antibody binding. Together, these results indicate that RSV particles induce the translocation and activation of PKC-␣ when they contact NHBE cells. Confluent NHBE cells grown on 8-well chamber slides were incubated with 20 MOI of RSV for 1 h at 4°C to allow viral binding synchronization. Slides were then exposed at 37°C for 10 min to allow virus penetration. Later, cells were processed for immunocytofluorescence. Cells were fixed with 4% paraformaldehyde, permeabilized with 0.1% saponin, and stained with mouse monoclonal anti-PKC-␣ antibody (green), goat polyclonal anti-RSV antibody (red), and DAPI (blue, nucleus staining). Fluorescence images (magnification, ϫ400) were taken by cooled camera device under respective dual-filter mode (either green-blue or red-blue) and triple-filter mode (merge).
PKC-␣ activation is required for RSV fusion.
To determine whether PKC-␣ activation plays a role in the fusion of RSV with the NHBE cell membrane, a fluorescence-dequenching method described previously (35) was used to examine RSV fusion. The fusion of RSV (labeled with octadecyl rhodamine R18 at a self-quenching concentration) with unlabeled NHBE cells was directly observed by fluorescence microscopy. The viral fusion results in an increase in the quantum yield of R18 due to membrane fusion events and leads to a dye dilution in the merged membrane. RSV fusion was significantly inhibited when NHBE cells were pretreated with PKC-␣/␤ pseudosubstrate peptide at 25 M and was virtually absent when cells were pretreated with peptide inhibitor at 50 M (Fig. 8A) .
The inhibition of viral fusion was further confirmed by a viral entry assay utilizing confocal microscopy (44) (45) (46) . At 1 h postinfection, some of the viral particles, as detected by rhodamine-labeled anti-RSV N antibody, were localized at the perinuclear region, whereas others still remained close to the plasma membrane (FITC-WGA) (Fig. 8B) . The number of viral cores seen inside NHBE cells after 1 h of infection significantly decreased when the cells had been exposed to myr-PKC peptide.
FIG. 8. (A)
Inhibition of PKC-␣ activity blocks viral fusion. Confluent NHBE cells seeded onto 8-well chamber slides were preincubated with a PKC-␣/␤ pseudosubstrate peptide for 30 min at the indicated concentrations before cells were exposed to octadecyl rhodamine B (R18)-labeled RSV (5,000 RSV particles/cell). The infection was allowed to proceed for 30 min at 37°C. After removal of the unattached virus, cells were imaged (magnification, ϫ200) by using a fluorescence microscope. (B) Myr-PKC-␣/␤ pseudosubstrate peptide significantly reduces the number of viral cores inside NHBE cells. NHBE cells were infected on ice with purified RSV (20 MOI) and then incubated at 37°C for 1 h. Cells were then washed with ice-cold PBS containing FITC-WGA for the staining of the plasma membrane, as described above. Cells were again washed with ice-cold PBS, fixed with 3.7% paraformaldehyde, and permeabilized with 0.1% saponin. After washing with PBS, samples were treated for indirect immunofluorescence. Viral cores were probed by mouse monoclonal anti-RSV N protein antibodies and were revealed by rhodamine-labeled goat anti-mouse antibody. The pictures (magnification, ϫ630) represent single optical sections perpendicular to the z axis of a confocal microscope. In order to determine whether PKC inhibition impairs either viral binding or fusion, the virus signal was analyzed at 4°C for binding and at 37°C for viral penetration. Whether PKC inhibition reduces the number of virus bound to the cell plasma membrane at 4°C was analyzed by flow cytometry. This assay was able to detect differences in the geometric means of a series of fourfold dilutions of the RSV viral particles encompassing the dynamic range from 5.6 ϫ 10 7 to 2.2 ϫ 10 5 PFU/ml (Fig. 9A) . The results indicate that PKC inhibition did not impair binding of the viral particles to the cells at 4°C. Moreover, exposure to 25 and 50 M of myr-PKC peptide induces an increase in the number of viral particles bound to the cells by 4-and 5.4-fold, respectively, compared with those not exposed to the myr-PKC peptide (Fig. 9B) .
To determine virus internalization, a sandwich ELISA was used to probe the presence of RSV N protein in the cytoplasmic fractions of RSV-infected NHBE cells previously exposed to different concentrations of myr-PKC peptide. NHBE cells showed a significant decrease (50%) of viral penetration, as measured by the optical density at 450 nm upon incubation with 25 and 50 M of myr-PKC peptide (Fig. 9C) . There was no impairment of the viral fusion when the cells were treated with 12.5 M of myr-PKC peptide, and no change in optical density was seen in uninfected cells. Together, these data indicate that PKC activity is required for RSV to fuse with the cell membranes and internalize into the cells.
DISCUSSION
The results of these studies demonstrate that (i) the inhibition of PKC activity by classical and pseudosubstrate peptides impairs RSV infection; (ii) PKC-␣, in particular, is involved in this process; (iii) RSV causes PKC-␣ translocation to the cell membrane, which is accompanied with an increase in PKC-␣ phosphorylation; and (iv) PKC-␣ activation plays an important role in early events of RSV infection, particularly in the fusion and internalization of the virus to the host cell membrane.
A major finding of this study is the identification of PKC, and PKC-␣ in particular, as an important player in the early processes of RSV infection such that blocking PKC significantly impairs RSV infection. The following evidence supports the role of PKCs in RSV infection. Studies in which inhibitors such as calphostin C, chelerythrine, Ro-318220 (data not shown), and myristoylated PKC-␣/␤ pseudosubstrate peptide are used demonstrate that inhibition of PKCs can significantly attenuate RSV infection. Calphostin C is a perylenequinone metabolite that targets classical and novel PKC isoforms and inhibits (at a 50% inhibitory concentration [IC 50 ] of 50 to 100 nM) both phorbol ester binding and phosphotransferase activity of PKC by binding to the regulatory domain (17) . Chelerythrine is a benzophenanthridine that is a potent, reversible, selective antagonist of classical and novel PKCs that targets the catalytic domain with an IC 50 of 660 nM (16) . Both calphostin C and chelerythrine have been used to inhibit PKC-␣ (7, 37, 50, 52) .
NHBE cells were exposed to the inhibitors for the same period of time as when they were infected with RSV. In addition, the range of concentrations of the inhibitors used in the present study were the same as those reported in previous studies that have used human bronchial epithelial cells as targets (20, 43) . These results are also consistent with those of other studies which used these inhibitors and showed a role for PKC in viral infection by several enveloped viruses, such as the vesicular stomatitis virus, herpes simplex I virus, turkey herpes virus, vaccinia virus, Sindbis virus, human herpesvirus 8, and NHBE cells per ml in suspension were placed in the absence or presence of different concentrations of the myr-PKC peptide for 30 min at 37°C. Cells were washed with ice-cold basal medium, and 10 6 cells/ml were exposed to 1.4 ϫ 10 7 PFU of RSV/ml for 30 min on ice. Unbound virus was removed by washing in ice-cold staining buffer, and bound virus was detected by flow cytometry with Zenon Alexa-488 anti-RSV F monoclonal antibody. (C) NHBE cells grown on 6-well plates were incubated in the absence or presence of different concentrations of the myr-PKC peptide for 30 min before the cells were infected with 1.7 ϫ 10 6 PFU/well (approximately 5 MOI) for 2 h at 37°C. Cytoplasmic fractions were then isolated from each experimental condition, and a sandwich ELISA was conducted to probe the presence of RSV N protein in these fractions. TMB substrate was then added, and the plate was read at 450 nm (A450). The cytoplasmic fractions of noninfected cells were used as a control. These assays were duplicated with similar results. adenovirus type 2 (9, 30, 31) . In addition, productive entry of the influenza virus is inhibited when cells are exposed to a specific inhibitor of PKC, bisindolylmaleimide I (36), which acts early in the infectious cycle but does not affect viral binding to the cells.
A specific role for PKC-␣ became clear from experiments involving the use of (i) the inhibitor myristoylated PKC-␣/␤ pseudosubstrate peptide and (ii) the dominant-negative mutant for PKC-␣. Myr-PKC peptide both reduces the number of infected cells and impairs the virus production from infected cells. The amino acid sequence for myr-PKC peptide was derived from the pseudosubstrate domain whose function is to keep these kinases in their inactive state; thus, it is a very specific competitive inhibitor of PKC-␣ and -␤. The N-myristoyl modification permits the entry of the PKC pseudosubstrate peptide into the intracellular milieu, presumably by membrane insertion, in such a way that PKC is inhibited. The doses of this peptide found to be effective in inhibiting PKC activity and RSV infection are in agreement with the IC 50 of myr-PKC peptide (range, 8 to 20 M), and even specificity is seen with a maximal (98%) inhibitory concentration of 100 M (12, 15) . Moreover, the decline in the infection is due to the blocking of PKC and not to a nonspecific impairment of the binding of RSV to the cells, which was evident from the inactivity of both nonmyristoylated PKC peptide and the myrautocamtide-2. On the other hand, myr-PKC peptide was previously shown to inhibit the transport of adenovirus type 2 through the actin cortex, which suggests a role of PKC in this process (30) . Furthermore, the above-mentioned evidence in combination with the analysis of protein expression of PKC isoforms implied specific involvement of PKC-␣ in RSV infection, which was confirmed by using a pDN-PKC-␣ construct. The results of this study showed that pDN-PKC-␣-transfected cells exhibit significantly decreased RSV infection. These results are consistent with those of studies that have used DN-PKC-␣ to probe the role of PKC-␣ during infection with enteropathogenic Escherichia coli or exposure to its outer membrane proteins (23) . The partial reduction of virus infection upon DN-PKC-␣ expression is consistent with previous reports in the literature showing the ability of this construct to modulate PKC activity and the signaling pathways dependent on such activation. For example, DN-PKC-␣ reduced the expression of luciferase dependent on the transcriptional activation of a promoter driven by the serum response element by 50% (40) . In addition, other signaling molecules reportedly activated during RSV infection (18, 19) might be acting in concert with PKC during the initial infection process.
The demonstration of the involvement of PKC-␣ in the early RSV infection process prompted a detailed analysis of the activation of PKC-␣. The results showed that PKC-␣ translocates to the cell membrane colocalizing with the viral particles. In addition to translocation, there is a concurrent increase of PKC-␣ phosphorylation, which is another feature of PKC activation. Although the usual pattern of translocation after treatment with phorbol myristate acetate is a homogeneous distribution along the cell membrane (48) , it has also been shown that activated PKC isozymes can cluster in specific locations at the cell membrane (47) . Recently, activated PKC-␣ was shown to cluster in the cell membrane of human brain microvascular endothelial cells at the entry site of E. coli K1 (41) . The result that myr-PKC peptide prevents the translocation of PKC-␣ to the membrane indicates the requirement of membrane-associated active PKC for successful RSV infection.
While PKC-␣ activation and translocation is required for successful infection, the mechanism of how activated PKC facilitates infection remained unclear. Membrane translocation of the activated PKC-␣ suggested that it might play a role in the very fundamental process of fusion of RSV to plasma membrane and internalization. The results of this study demonstrate that inhibition of PKC-␣ activity impairs viral fusion. This finding is evident from (i) the reduction in the fluorescence signal due to the dequenching of R18-labeled RSV upon treatment of cells with myr-PKC peptide, (ii) the reduction in the number of viral cores in the cytoplasm of those cells exposed to 50 M myr-PKC peptide, (iii) the fact that the viral binding at 4°C is not impaired but actually increases when PKC is inhibited, and (iv) the fact that the number of virus fusion events is reduced by 50% as demonstrated by ELISA. Nevertheless, the precise mechanism of PKC inhibition of RSV membrane fusion is unknown. The PKC-␣ isozyme plays an important role during the formation of the caveolae (27, 34, 49) , which is a key system involved in both RSV infection and maturation (3, 4, 25, 51) . Previously, RSV has been shown to bind to caveolae during the early stages of interaction with bovine dendritic cells (51), although it is not known whether the same mechanism holds for epithelial cells. Whether rafts or caveolae are required for RSV internalization is under investigation.
In summary, our results demonstrate for the first time that classical PKC, particularly PKC-␣, plays an important role in successful RSV infection. The results also show that exposure to RSV induces rapid activation of PKC-␣ and its translocation to the membrane, where it appears to facilitate RSV fusion to the host cell membrane. A comprehensive understanding of the role of PKC-␣ in RSV membrane fusion and internalization may lead to the effective targeting of PKC-␣ activityrelated pathways and may provide new pharmacological means of attenuating RSV infection.
